The past 20 years have seen a renaissance in the study of speciation. At the core of this research endeavor is the study of ecological speciation, and substantial evidence has been marshaled revealing that much of the world's biodiversity arises through this process (Seehausen, 2006; Schluter, 2009 ). Ecological speciation comes about when selection that differs between contrasting environments causes the evolution of reproductive isolation. One of the surprises has been the realization that reproductive isolation can evolve very rapidly, even within tens or hundreds of generations (Hendry et al. 2007) . Another key finding is that ecological speciation often proceeds only partway, creating partially isolated species (Nosil et al. 2009 ). What determines whether it goes to completion? Moreover, its dependence on the environment makes it vulnerable to environmental change, which can actually reverse the speciation process (Taylor et al., 2006; Vonlanthen et al., 2012) . Thus, ecological speciation is front and center in our understanding of how the massive ecological changes caused by humans might affect biodiversity and the fabric of life. Ecological speciation is clearly a dynamic evolutionary process. The study of speciation in action has already given us a window on how species are created, revealing the nature of selection driving speciation and the genetic underpinnings of divergent adaptation. This special column on Ecological Speciation brings together scientists working on fundamental questions about the creation of biodiversity.
A problematic issue for ecological speciation is whether it can proceed in the face of gene flow, because recombination will disrupt the correlation between traits that are divergent adaptations and those that confer reproductive isolation. Thus, much recent work has focused on identifying mechanisms to enhance such correlations, including correlational selection and aspects of genetic architecture such as pleiotropy, physical linkage, and inversions. Several of the papers in the special column explore these points from different perspectives (Podos and colleagues, Hardwick and colleagues, and Rogers and colleagues). Traits that are divergent adaptations and also generate assortative mating can overcome the problem very effectively because they automatically cause reproductive isolation and avoid the problem of recombination. Such traits have been dubbed 'magic traits' (Gavrilets, 2004) . Whether they have special properties or commonly facilitate speciation is controversial (Servedio et al., 2011) . Two papers in the special column (Podos and colleagues and Hardwick and colleagues) explore mechanisms to connect adaptation and assorative mating. Direct comparisons of magic and non-magic traits in speciation has not yet been done. The paper by Podos and colleagues compares the contribution of magic and non-magic scenarios to the evolution of song characteristics in Darwin's finches. Song has an important learned, or cultural component, which has been proposed to be key to premating reproductive isolation for Darwin's finches (Grant and Grant, 1996) . Adaptation to different resources is also key to speciation in this group and beak shape is under strong divergent selection for exploiting different food resources (Gibbs and Grant, 1987; Grant and Grant, 2006) . Ecological speciation is further implicated because populations are weakly genetic differentiated by geography, but more strongly by beak morphology (De León et al., 2010) . Earlier work showed that song was strongly influenced by beak morphology (Podos, 2001) , and this pleiotropy potentially makes beak shape a magic trait. Work on other birds has shown that song adapts to local habitat to enhance transmission, and this process can also lead to song divergence, possibly contributing to speciation (Seddon, 2005; Derryberry, 2009) . Which of these mechanisms plays a larger role in Darwin's finch speciation? Podos and colleagues compare two populations of the medium ground finch Geospiza fortis on Santa Cruz Island. The populations occupy similar habitat, ruling out the transmission hypothesis. They find that song differences correlate closely with beak morphology but not geographic distance (their proxy for non-magic processes such as song learning and drift). Moreover, the song differences are likely to influence mating between populations, given that males differentiate local and foreign song, responding strongly to local song. Females are likely to have even stronger responses. Both findings support the magic trait scenario. This paper also connects differentiation at a local scale and short time frame to ecological speciation at larger spatial and temporal scales.
Another controversy is the extent to which sexual selection can cause speciation, either alone or in combination with natural selection. Sexual selection that depends on ecology, such as sensory drive, falls under the purview of ecological speciation. Speciation by sensory drive has been shown in several systems, including sticklebacks (Boughman, 2001 ) and cichlid fish (Seehausen et al., 2008) , and may be widespread (Boughman, 2002) . Whether other forms of sexual selection can also cause ecological speciation is less clear. Hardwick and colleagues explore the interplay between local adaptation and sexual signaling in the Eastern Fence lizard Scelopulus undulatus. This species inhabits three distinct habitats in southwestern US: the ancestral desert scrubland with brown substrate, the Carizzozo lava flow with dark substrate, and the gypsum white sands with white substrate. Earlier work has shown that in this species and two others, Holbrookia maculata and Aspidoscelis inornata, dorsal color has adapted to be cryptic on different substrates -melanic morphs are found on lava and blanched morphs on white sands (Rosenblum et al., 2004) . This system is an example of parallel evolutionary change across three independent species, and such replicated evolution provides real power for addressing questions about evolutionary mechanisms. The authors are pursuing genetic and selective mechanisms underlying parallel adaptation (Rosenblum et al., 2004; 2007; and the possibility of parallel ecological speciation (Rosenblum, 2006; Rosenblum and Harmon, 2011) , although the focus in this issue is on sexual signaling. The species vary not just in cryptic dorsal color, but also in conspicuous ventral color patches also in a parallel fashion, suggesting that ventral coloration is also an evolutionary response to habitat. Prior work has found evidence for premating reproductive isolation (Robertson and Rosenblum, 2010) . Here, Hardwick and colleagues ask whether these conspicuous color patches influence sexual signaling, mate choice, and premating reproductive isolation. They find that white sands males preferentially court ecologically similar females, and this results in significant sexual isolation. They show that male courtship depends on female color, suggesting that social color patches affect sexual selection and premating reproductive isolation. Interestingly, the effect is asymmetric, as neither lava nor desert males show any preference for local as compared to foreign females. Asymmetric reproductive isolation is not uncommon in other taxa (Egger et al., 2010) , and has several potential explanations. Here, it could arise because selection on white sands lizards is stronger, or because of greater potential gene flow into the white sands populations. Thus, color adaptation affects sexual selection, which in turn affects premating reproductive isolation. Color is thus a magic trait in fence lizards. It also appears to be under sexual selection even though natural selection is expected to contribute to magic trait evolution more readily (Servedio and Kopp 2012) . Whether adaptation of social color is under direct selection or is a correlated response to evolution in cryptic dorsal color, and whether the genetic mechanisms of dorsal and social color are similar are outstanding questions and the subject of ongoing research.
Parallel speciation is a predicted outcome of ecological speciation and provides strong supporting evidence. The hallmark of parallel ecological speciation is when populations that have adapted to different environments are reproductively isolated whereas populations that have adapted to similar environments are not (Schluter and Nagel, 1995; Rundle et al., 2000) . This pattern is unlikely to occur via drift or non-selective mechanisms. The occurrence of parallel speciation, especially in systems where speciation is ongoing, is a powerful tool for studying the nature of selection driving speciation and the underlying genetic basis of speciation. Recurrent patterns help to identify the causal factors that drive speciation, and the replication inherent in parallel speciation provides us with an evolutionary experiment to test these causal factors. We can ask a number of questions about the mechanisms that lead to speciation and the factors that hinder it. Three papers in the special column capitalize on this power -Hardwick and colleagues to identify traits under divergent selection that cause reproductive isolation; Langerhans and Reisch to build a framework for studying ecological speciation; and Rogers and colleagues to explore the genomics of speciation.
Langerhans and Reisch explore outstanding questions relating to the nature of selection that drives speciation, recognizing that selection and ecology can play a pivotal role in a wider set of circumstances than has been previously recognized (Schluter, 2009) . Their framework explores both the parallel nature of adaptive evolution and speciation, and the unique features of such evolutionary change. It also encompasses the effects of both divergent and similar selection on speciation. They start by contrasting mechanisms of speciation that do and do not involve ecologically based selection on reproductive isolation, but focus on the role of ecologically-based selection. A primary tenet of ecological speciation is that reproductive isolation evolves in response to divergent selection (Schluter, 2000; Rundle and Nosil, 2005) . Langerhans and Reisch suggest that ecological selection can arise not only from divergent natural or sexual selection, but also from uniform selection and from reinforcement, all of which can cause ecological speciation. They argue that even uniform selection can generate new species if populations find different evolutionary solutions to that selective force, which then can cause the populations to be reproductively isolated. This process has been termed mutation order speciation by others (Schluter, 2009; Nosil and Flaxman, 2011) because of the presumed importance of the order of random mutations available for selection to act upon. This perspective highlights the importance of chance; however, ecological selection is still the primary cause of evolutionary change leading to reproductive isolation, and thus, Langerhans and Reisch suggest that divergent selection per se is not necessary for selection to cause speciation. Taken together, the mutation order and Langerhans/Reisch perspective show that speciation can result from the combined action of chance and deterministic processes.
Like other authors in the special column, Langerhans and Reisch emphasize the multidimensional nature of speciation, especially focusing on dimensionality in selection. The idea that speciation is likely to involve many factors acting in multiple geographic contexts pervades their paper. The effects that dimensionality in selection and in the genome can have on the likelihood of speciation were acknowledged early in the renaissance of speciation research (Rice and Hostert, 1993) , but have been largely ignored until recently. Now, these questions are gaining prominence (Nosil et al., 2009 ). They are addressed repeatedly in this special column:
for selection by Hardwick and colleagues and by Langerhans and Reisch, and for genomics by Rogers and colleagues. Depending on whether multiple dimensions act in concert or antagonistically, speciation can be facilitated or constrained (Boughman et al., in revision) . This perspective suggests that rarely does speciation arise from a single event or process. Instead, it takes time and may require the action of multiple sources of selection, evolution in multiple traits, and divergence across much of the genome to proceed past the initial stages of population differentiation. During the process, gene flow may wax and wane, and periods of hybridization may actually enhance subsequent evolutionary change (Grant and Grant, 1997; Seehausen, 2004; Heliconius Genome Consortium, 2012; Ellegren et al., 2012; Gregynog Hybridisation Consortium et al., 2013) . This makes it very unlikely that a simple approach will provide answers. Langerhans and Reisch argue that a pluralistic perspective may be more productive.
Some of the key issues regarding the importance of dimensionality are how selection is transduced to the genome. The total selection coefficient is spread across all loci underpinning the target trait(s), so for a single agent of selection targeting a polygenic trait, little genetic divergence might result. In this case, Mendelian traits are likely to show greater divergence, and hence, greater likelihood to enhance reproductive isolation. Multifarious divergent selection can generate stronger overall selection; however, potentially avoiding this dissipation among loci (Nosil et al., 2009 ). Alternatively, having selection arise from multiple sources can target more phenotypic traits, thereby capturing more of the genome in divergence and/or increasing the likelihood of causing divergence in key traits that confer reproductive isolation (Boughman et al; in revision) . Multidimensional selection is also likely to generate a more rugged fitness landscape, which can increase the likelihood of speciation. Speciation may not always go to completion, and highly dimensional selection may play a pivotal role in progress towards speciation. Many questions remain, and studying the effects of dimensionality in selection and in genomic architecture holds much promise.
The genetics of adaptation is a burgeoning field, given impetus from the development of next generation genomics technologies. It is related to the genetics of ecological speciation because traits that are divergent adaptations and also confer reproductive isolation are known for some taxa, and the underlying genetics and genomics can be studied, especially powerfully in cases of parallel speciation because of the evolutionary replication. Rogers and colleagues in this issue very nicely review the current state of our knowledge and highlight both some recent exciting advances and a number of outstanding questions, using the wealth of recent information on fish speciation. They explore the possibility for genomic architecture to have both promoting and constraining effects on speciation. Many fishes in the north temperate zones show high levels of ecological diversification, often accompanied by elevated levels of reproductive isolation, resulting in numerous instances of speciation. Repeatedly, the data point to divergent adaptation and speciation from standing variation (Jones et al., 2012) . Still unknown is how this variation is maintained in the ancestral populations, a question that Bierne and colleagues also raise in this issue. One possibility is that low levels of gene flow from the derived populations into the ancestral population interject variants that can subsequently be selected in independent derived populations, dubbed 'the transporter hypothesis' (Schluter and Conte, 2009 ). This is possible in some systems, and generally the role of hybridization in facilitating speciation is receiving renewed attention (Seehausen, 2004; Gregynog Hybridisation Consortium et al., 2013) .
Other exciting possibilities are the extent to which modularity in the genome matters to speciation. Modular genomes are thought to arise because selection favors the integration of functionally related traits, and the independence of functional units from other such units. Modularity can involve physical clustering, which will affect levels of recombination (Pepper, 2003) and thus may be especially important in the face of gene flow (Butlin, 2005) . Stickleback fish show strong clustering of adaptive loci (Jones et al., 2012) as do lake whitefish (Renaut et al., 2012) , suggesting that clustering of adaptive loci might play an important role in speciation. Still unknown is whether these clusters contain functionally linked loci and the pervasiveness of pleiotropy to adaptive divergence and speciation. Another aspect of genetic architecture that has received substantial attention is whether single genes diverge during speciation or regions surrounding these genes hitchhike at least during the early stages of the process (Nosil and Feder, 2012a; b) , generating 'islands of divergence' (Turner et al., 2005; Via, 2009) . Larger regions of divergence are expected to facilitate speciation. Modularity, clustering, and islands of divergence can also allow for the co-option of genomic modules to repeatedly construct adaptive phenotypes in the face of gene flow. An especially exciting example is found in Heliconius butterflies whereby genomic regions underlying color pattern variation appear to move from species to species as 'cassettes' through hybridization and repeated selection (Heliconius Genome Consortium, 2012) . A similar phenomenon may be occurring also in Ficedula flycatchers (Ellegren et al., 2012) and Gasterosteus stickleback fish (Hohenlohe et al., 2010; Jones et al., 2012) . These patterns suggest that parallel evolution is based on parallel genes, in part, because selection in novel environments repeatedly uses the same adaptive variants that have persisted in ancestral gene pools. Key work remaining to be done is to take genomics into the field and test selection on genomic regions underlying traits involved in reproductive isolation or that show signatures of positive and divergent selection. Few of these experiments have been done in nature (Barrett et al., 2008) and they are extremely challenging, but the rewards of such work will be great.
Related to the focus on how genetic architecture affects the likelihood of ecological speciation is the study of genetic variation resulting from the process of ecological speciation. Bierne and colleagues raise some challenges to the interpretation of commonly observed patterns of genetic divergence at selected and neutral loci. Discrepancies are often used to identify adaptive loci using an outlier approach (Gompert and Buerkle, 2009) , where genetic divergence substantially greater than average across the genome (typically measured by Fst) is taken as evidence that the locus is under divergent selection. Another hallmark of selection is an association between the environment and genome-wide variation, contrasting to the typical signal that neutral differentiation gives of isolation by distance. It has been argued that the association with environment is unlikely to form via drift, e.g., Schluter (2009) . Bierne and colleagues use a theoretical approach founded on cline theory (Barton and Hewitt, 1985; 1989) to argue for an alternative explanation of putatively outlier loci. Their idea is based on genetic coupling between environmental discontinuities and endogenous reproductive barriers that generate associations between genotype and environment even in the absence of selection on particular loci (Bierne et al., 2011) . Thus, their work suggests that neutral loci can have the 'outlier' signature that is often used to identify loci under selection. In the current paper, this can arise if divergence is initiated in allopatry and introgression of neutral loci occurs on secondary contact. They show that over time genetic differentiation at these neutral loci will reach a balance between migration and drift. Because of spatial heterogeneity in the amount of gene flow, independent of variation in selection but instead due to geographic structure, this process can produce a pattern that includes associations between neutral loci and environmental or geographic structure at a local scale instead of an association with distance. This neutral pattern could be easily confused with that produced by parallel ecological speciation; therefore, they argue that caution is warranted in interpreting genomic data. The effects are different for neutral loci linked to selected loci (so called genomic-island loci), which track environmental gradients at both local and wider scales. Genomic-island loci will reveal the history of divergence more clearly than fully neutral loci, and should thus, be used to reconstruct that history. This paper is one example of how incorporating cline theory into ecological speciation may provide nice insights.
No special column comprised of five, or even fifteen papers can answer all outstanding questions. Among those that remain, a focus on several could do much to advance our understanding. One set has to do with the evolutionary dynamics of ecological speciation. How quickly can ecological speciation occur? How far does it proceed? How dynamic is it? How reversible? And what factors determine these dynamics? Divergent selection does not always cause speciation; it can also cause polymorphisms (including sexual dimorphism) or plasticity (including learning). What tips the balance? And can a process like learning that can break the correlation between phenotype and genotype actually facilitate speciation, or is likely to undermine it (Verzijden et al., 2012) ? Another set of questions pertain to the amount of diversification achieved. Taxa that speciate can diversify to a greater or lesser extent. One such comparison is between the stickleback fish and the cichlids. Over and over again divergent selection gives rise to two reproductively isolated species of threespine sticklebacks: there are several limnetic-benthic pairs, very many anadromous-stream pairs, and one marine pair (McKinnon and Rundle, 2002) . In contrast, cichlid diversification has led repeatedly to two or three species in small crater lakes, but also repeatedly to hundreds of species in the African rift lakes. Why this huge repeatable difference in diversification? Is there something inherent in the taxa -their trait combinations or their genetics -or is there something critical about the environments they inhabit and the nature of selection -or some critical combination of those factors that make for many or few species (Wagner et al., 2012) ? In a third set of questions related to genetic architecture, what's the role of hybridization in speciation (Gregynog Hybridisation Consortium et al., 2013)? Clearly gene flow has to slow down or cease for speciation to occur; however, hybridization may inject genetic variation that allows for subsequent diversification. How often does hybridization play this creative role? And what is the nature of the variation introduced that allows speciation to proceed (Seehausen, 2004) ? Is it simply that selection has more variation to work with, including novel trait combinations arising from transgressive geno-and phenotypes? Alternatively, are there crucial loci or clusters of loci that move adaptively from one population and species to another, as a number of genomics papers are finding? And lastly, a key to diversification is selection, and understanding the nature of selection that does and does not cause speciation will provide a puzzle piece to complete the picture. An ongoing controversy is whether sexual selection alone can generate new species, or whether it acts in combination with natural selection to do so, as has been suggested (Ritchie, 2007; Maan and Seehausen, 2011; Wagner et al., 2012) . Is sexual selection an initiator of speciation, or does it 'merely' accentuate divergence and reproductive isolation caused by natural selection? Is it necessary to build complete reproductive isolation? These, and many other questions, await answers. This is an exciting time for evolutionary biologists and speciation researchers. We have many tools and insights to guide our work, and the next years promise to bring us answers to some of the most long-standing questions in evolutionary biology.
